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Abstract

The continual increase in production and use of chemicals in an ever-growing field of applications naturally brings forth the necessity to accurately and efficiently measure molecular
composition. Spontaneous Raman scattering is a reliable technique which can optically identify molecules based on their intrinsic rotational-vibrational energy structure. The Raman
emission from a substance can be spectrally analyzed to detect molecular species simultaneously and with isotopic sensitivity using a single laser source. However, even though the
process is non-invasive and effective, the rate at which the emission occurs is notoriously low
due to a weak scattering cross-section. Therefore, research into the development of novel
methods to enhance Raman emissions is a critical component for practical applications in
trace gas detection.
The work presented here focuses on the investigation of Raman enhancement techniques
that have shown promise for potential applications in optical trace gas sensing. Fundamental properties were characterized and studied in regards to their ability to further benefit
miniaturization, versatility, simplicity and overall Raman enhancement. Microscopic optical
cavities with high finesse were implemented to combine resonant pump recirculation with
the Purcell spontaneous emission enhancement effect from cavity quantum electrodynamics.
An improved compact cavity design (<1 cubic inch) was created with which gases could be
introduced at pressures of up to 35 bar. The result is an approach based on ultra small sample volume for which Raman emission involving only several hundred thousand molecules
was achieved. Pressurization was uniquely studied in the regime where cavity linewidth
exceeds the Raman linewidth and thereby foregoes pressure broadening limitations. Ad-

vii

ditional characterization determined incident power limitations through optical bistability
causing cyclical cavity length changes mediated by photothermal refraction and expansion
nonlinear dynamics.
In an alternate effort aimed at bypassing the difficulties associated with the stringent resonance conditions arising in resonant optical cavities, multipass cavity configurations were
explored. Multipass optical cavities also recirculate light and can create overlapped focal
regions of high power, but without resonance conditions or the need for piezoelectric actuators, servo loops and other stabilization constraints of high finesse resonator operation. A
cost effective multimode laser diode was operated with feedback which reduced the spectral
bandwidth to ≈3.5 cm−1 . A collinear Raman collection system was tested and found to
provide novel capabilities such as the detection of ambient hydrogen in air (limit of detection ≈40 ppb H2 ). The limit of detection for ambient methane was found to be lower by
several orders of magnitude compared to similar approaches and the enhancement through
this optical system is such that spectral analysis can easily be done with an uncooled CMOS
camera.

viii

Chapter 1

Introduction

Trace gas sensing is an increasingly important tool for an industrialized world. The
widespread use of chemicals as well as technological advancements have developed the need
for fast and accurate measurements of chemical species in a wide variety of environments.
Hazardous materials detection, environmental monitoring, medical diagnostics, chemical
manufacturing, and automotive sensors are all examples of an ever growing necessity to
develop robust gas sensing technologies [1–5]. To accommodate for this demand, there are
numerous established techniques such as gas chromatography in which analysis of chemical
compounds is performed by separating and measuring individual components [6] or ion mobility spectrometry (IMS) by which the mobility of ionized samples drifting in a carrier gas
is measured [7]. More generally mass spectrometry is able to determine the mass to charge
ratio of ionized, often fragmented charged species with exquisite sensitivity [8, 9]. There
are also several types of electrochemical sensors such polymer absorption sensors which are
deposited onto an absorbent (that acts as an electrode) and when chemical contact is made,
swelling changes the resistance to be measured [10, 11]. Lastly, there are optical sensing
techniques that include colorimetry [12, 13], absorption spectroscopy [14–18], infrared sensors [19], cavity ring-down spectroscopy [20, 21], and methods that utilize inelastic scattering
to determine molecular composition. The work presented here focuses on the latter process.
Light incident on a substance can interact with it in multiple ways. One possibility is
through an inelastic scattering process known as Raman scattering, first identified by C.
V. Raman in 1928 [22]. Raman spectroscopy is characterized by the generation of photons
1

with a frequency shift relative to the frequency of the incident radiation [23–26]. The spectral distribution of scattered radiation reflects the substance’s rotational vibrational energy
structure and can therefore serve as a chemical fingerprint. However, despite enabling precise chemical identification, even for isotopologues, Raman scattering suffers from a weak
scattering cross section (typically of order 10−31 cm2 /sr for gases) making it 1000 times less
intense than Rayleigh scattered light [27, 28]. Therefore, it is necessary to enhance this
process for practical utility.
Perhaps the most famous enhancement method is surface-enhanced Raman scattering
(SERS) which has been shown to have single molecule detection capabilities [29]. While
SERS is a powerful technique, it requires molecules to be adsorbed to a conductive plate
making it difficult to implement for simultaneous multiple gas sensing. Alternative techniques such those employing hollow core fibers [30, 31] and multipass optical cells [32, 33]
utilize an increased interaction path length to increase Raman emission and/or collection.
Another means of enhancement of Raman scattering is with the aid of resonators which support high intensity light recirculation at a resonant frequency [34, 35]. The work described
herein draws from various aspects of previously explored technologies. Its primary motivation is the achievement of simple, effective, affordable and robust spontaneous Raman gas
sensing at trace concentrations.
Recent advances in micromirror fabrication and improvements in cavity design have
helped fulfill the conditions necessary to take advantage of the microcavity Purcell effect
[36]. Working in the regime in which this effect takes place offers the possibility to significantly enhance the spontaneous Raman emission rate. Previous experimental work has
shown that Purcell-enhanced Raman scattering (PERS) can provide an enhancement factor on the order of 107 [37] relative to free space Raman scattering with the same incident
laser power and detection solid-angle. Further advancements, reported in this document,
show that there is no saturation of the Purcell effect due to pressure broadening. Therefore, lowering limits of detection through pressurization is viable while taking advantage
2

of the Purcell effect as long as the cavity linewidth exceeds that of the Raman linewidth.
The particular setup demonstrated here has shown an ability to detect a sample of 4 ppm
CO2 compressed to 14 bar [38]. To lower these limits of detection it may be reasonable
to assume that increased incident power will further improve this technique; however, this
can lead to noticeable slow-fast dynamics disturbing the circulating power through modified
cavity lengths. Consequently, we have modeled these dynamics in several resonator configurations (limited in this text to plano-concave cavities) and show that they are instigated by
photothermal refraction and expansion [39, 40].
The characterization of the Purcell effect and its limitations provide necessary insight
for future endeavors combining it with other optical systems. Corollary to its effect in the
fluorescence process it is plausible that the Purcell effect could be used to hinder Raman
emissions in a particular area, thereby enhancing emissions into uninhibited regions [41–43].
The precursor to this research is the implementation of an optical system which at a minimum
provides considerable Raman emission enhancement and ample space to introduce a separate
optical system. It is also crucial for the system to simultaneously detect chemicals as this is
a necessity for industrial applications. To this end, the report here delivers enhancements
on previously studied multipass optical cells.
While high-finesse optical resonators provide considerable re-circulation of light, such
cavities have an added complexity of actuators in order to phase match incident light to
exit through cavity longitudinal modes [44]. In contrast, multipass optical cells provide
increased power through overlapped regions determined by the mirror arrangement [33].
Although these absorption type cells have been previously studied to enhance spontaneous
Raman emission [32], our alignment modifications and use of pressurization have shown
substantial improvements. We employed a near-concentric multipass cell with a collinear
collection path and have considerably improved its capabilities through careful consideration
of background sources, the introduction of pressurization, and the addition of desiccant. The
data presented shows the system’s ability to easily detect hydrogen in ambient laboratory
3

air at a nominal value of 600 parts per billion [45]. Furthermore, this non-resonant optical
system re-introduces the inherent ability of Raman emissions (from different molecules) to
be simultaneously detected. These capabilities are integrated into a cost effective system
with demonstrated practical utility and the potential to introduce future enhancements.
Measurements taken using the multipass optical system account for a small fraction of
the Raman scattering taking place as only the emission along the beam path is collected
(this accounts for less than 1 percent of the SRS taking place). Effective collection of SRS in
the region outside the beam path has thus far alluded this type of Raman enhancement. A
plausible solution is the inhibition of SRS, into a large area of uncollectable angles, through
the Purcell effect. In accordance with research done on fluorescence [41] and corollary effects
to Raman emissions [37, 38, 46], the Raman scattered light in the collection path will dramatically increase. By implementing ideas learned through the research presented here, a
novel technique can be developed with the potential to reach limits of detection in the parts
per trillion in real-time.

4

Chapter 2

Raman Scattering

Incident photons impinging on molecules will undergo an inelastic scattering process
determined by the rotational and vibrational modes of the molecules in question. This spontaneous emission will present in the form of red-shifted and blue-shifted photons respectively
referred to as Stokes and anti-Stokes scattering. The enhancement techniques employed in
this work specifically show the effects on Stokes scattered light although anti-Stokes scattered
light would also be amplified (resonant enhancements are subject to specific conditions). This
chapter describes the spontaneous Raman scattering process and introduces possibilities for
amplifying emission intensities.
2.1

Spontaneous Raman Scattering
As monochromatic radiation of frequency ν 0 interacts with analyte molecules, most of

the light is transmitted while the rest undergoes various scattering processes. The resulting
scattered photons travel in all directions with intensity and polarization dependent on the
direction of observation. When the emitted light is spectrally analyzed, several frequencies
will be found. Photons with frequency equal to the incident light are categorized as Rayleigh
scattering. In this process a molecule is excited by an incoming photon, then it emits a photon
with energy equal to the excitation energy and returns to the original state (refer to Fig.
1). Upon further investigation, other frequencies ±νm will be found in pairs which make up
Raman lines. The Raman spectrum for a particular molecule is made up by the collection of

5
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Virtual energy states
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Raman
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Rayleigh
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Figure 1: Energy diagram for Raman scattering and Rayleigh scattering.
its Raman lines. Molecular systems will emit photons with frequencies ±νm in association
with rotational, vibrational, and electronic levels. If photon energies are near the electronic
transition energies, the photons are absorbed and the molecule is in a discrete excited state.
In the Raman scattering process, the incident photons perturb the system and the
molecules are temporarily in a virtual excited state. A photon is then emitted with frequency ν0 − νm in the case of Stokes scattering where the molecule is initially in the ground
state; frequency ν0 + νm is found for the anti-Stokes transitions where molecules are initially
in an excited state. These processes are often referred to as red shifted or blue shifted light
for Stokes or anti-Stokes (respectively) and can be viewed graphically in Fig. 1. The energy
exchanged in spontaneous Raman scattering is the necessary amount to excite molecular
vibration or rotation and therefore is completely dependent on the structure of the molecule.
In this way Raman scattering can be viewed as a chemical fingerprint. It is important to
note that because of the nature of the process, there is an implicit ability to simultaneously
detect multiple chemical species without a tunable light source.

6

2.2

Spontaneous Raman Scattering Enhancement
Enhancement of Raman emission is practically limited as it is caused by the interaction

of the incident light and the vibrational and rotational modes of the molecules. Spontaneous
Raman scattering intensity Is is dependent on several system characteristics as [47]

Is ∝ I0 n(

dσ
)Lti ,
dΩ

(2.1)

where I0 represents incident light intensity, n is the molecular density, and L is the length
of the scattering region. These factors are limited by the system implemented while intedσ
gration time ti is limited by practical applicability. Raman scattering cross section ( dΩ
) is

mainly determined by molecular structure [48] and thereby limit enhancement applications.
A detailed description of scattering cross sections can be found in chapter 4 of Raman Spectroscopy of Gases and liquids [48]. SRS emission enhancing techniques generally focus on the
increased intensity of excitation light or increased molecular interactions through extended
beam paths and pressurization. Commonly employed optical systems include the use of
hollow core photonic crystal fibers, multipass optical cells, and resonant cavities.
2.2.1

Hollow Core Optical Fibers

Optical fibers act as waveguides through total internal reflections caused by differences in
refractive index between the core and the cladding (with the core always having the greater
index). As a hollow core can not have a higher index of refraction than its surroundings,
these waveguides have to be metal coated capillaries or photonic bandgap fibers [49, 50].
The utilization of such fibers allows for increased light-molecule interaction (extended path)
and improved collection efficiency, while simultaneously acting as an analyte container. This
text focuses on photonic bandgap fibers which is the more effective technique, though both
have been proven to enhance spontaneous Raman emissions by orders of magnitude [51–53].
Hollow core photonic bandgap fibers are created by having silica or glass capillaries
7

Mirror
Axis

Lens
Focus

Collection

Figure 2: Retroreflecting MOS with incident collimated light passing through the on axis
reflector to be focused by a lens. Light is focused, collimated, and re-focused tens of times.
stacked in a honeycomb pattern and removing a centered capillary [50]. The remaining pattern surrounding the core (the cladding) has hollow channels that form a naturally changing
index of refraction causing a photonic bandgap which has high reflectivity at certain wavelengths [54]. The resulting fibers have a hollow core on the order of 10 µm through which
gas is diffused at minutes long rates depending on the fiber length and desired pressure. A
limitation of these fibers arises from large backgrounds originated in the cladding causing
indiscernible Raman peaks. Some mitigation of this limitation can be achieved by spatially differentiating the desired Raman emissions through the use of a pinhole. Further
improvements of this technique include pressurization which successfully increases the signal to noise ratio as the background is not increased by increased molecular density. This
technique boasts single digit parts per million limits of detection for molecules such as CO2 ,
H2 , and N2 ; with even lower LOD for CH4 . (0.2 ppm pressurized to 20 bar).
2.2.2

Multipass Optical Systems

Non-resonant multipass optical systems (MOS) have been widely used for SRS enhancement as they offer a robust method to increase the effective pump laser intensity in a confined
region [32, 33, 45, 55–58]. An early version of such a system was conceived by Hill et al. [55]
and is depicted in Fig. 2. Incident collimated light is introduced through a space between
the on axis retroreflector toward a pair of lenses separated by the sum of their focal lengths.
The light is focused and re-collimated prior to being reflected by an off axis retroreflector.

8

Back Reflector

Mirror

SRS Collection Path

Figure 3: Concentric MOS utilizing a back reflector to collect Raman scattered light traveling
away from and toward the SRS collection path.
Pump light traverses the path tens of times leading to the added intensity at the focal region.
It is important to note that each time the path is traversed there is a loss in power based on
the reflectivity of the mirrors and absorption in the lenses. The power gained at the focal
region enhances Raman emissions to be collected perpendicular to the pump path.
More recently developed multipass cavities utilize configurations similar to that shown in
Fig. 3 [59]. Although the SRS taking place in this system is augmented by the overlapping
beam path, the overall collection is limited as emissions cover almost all directions. This
particular limitation is taken into account here (Fig. 3) by utilizing a spherical back reflector
which redirects light scattered away from the collection path.
2.2.3

Resonant Cavities

Resonant cavities magnify incident pump power through light recirculation directly related to the reflectivity of the mirrors implemented. Fig. 4 depicts a generic concave-concave
Fabry-Perot cavity where incident light enters the cavity and is reflected back and forth by
9

SRS
Collimating
lens

Mirror

PZT

Reflected light
SRS
Pump light

Figure 4: Open resonator used to amplify incident pump power for increased SRS from
analyte molecules.
low loss mirrors. Intracavity laser power on the order of 100 W has been achieved from an
incident power of 50 mW, corresponding to a power gain of 2000 [60]. An open resonator facilitates the introduction of analyte gas, while SRS is collected through one of two methods;
spontaneous emissions can be collected via a collimating lens perpendicular to the cavity
or they can be transmitted through the cavity by satisfying frequency specific resonance
conditions. Section 3.1 provides more detailed properties of Fabry-Perot cavities while their
resonant conditions are examined in chapter 4.
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Chapter 3

Cavity Background

Cavity-enhanced Raman scattering or CERS, is grounded on the confinement of incident
laser light to amplify the effective input intensity. There are several methods to achieve
this though they generally fall within two categories, resonant and multipass cavities. Resonators rely on the optical system’s ability to constructively interfere light as it reflects back
and forth between two highly reflective mirrors and therefore necessitates a resonance condition. Alternatively, multipass cavities rely on specific alignments to overlap the pump beam
creating high intensity regions without resonance requirements.
3.1

Fabry-Perot Cavities
Resonators are used for the confinement of light to enhance properties such as the circu-

lating intensity. Intuitively, the confined light can be thought of as two plane waves traveling
in opposing directions. If the cavity length L is constrained to be an integer number of half
wavelengths, the electric field amplitude inside the cavity will be the addition of the two
light fields. Under these conditions, resonant frequencies ν will be found at

ν=n

c
,
2L

(3.1)

where c is the speed of light and n is an integer. These frequencies correspond to longitudinal
modes represented in Fig. 5 and are the regions with the highest transmission intensity. The
frequency difference between consecutive longitudinal modes or the free spectral range (F SR)
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Figure 5: Transmission spectrum of a planar cavity varying from high finesse in green to low
finesse in blue.
is then
F SR =

c
.
2L

(3.2)

For the purposes of simplicity, the intensity reflectivity is set to the same value (R) for both
mirrors. The transmission intensity I t can be found in relation to reflectivity and cavity
length as [61]
(1 − R)2
It =
,
(1 − R)2 + 4Rsin2 (2πnL/λ)

(3.3)

where λ is the incident wavelength. The quality factor Q can then be defined as Q = ν/∆ν,
where ν and ∆ν are the resonant frequency and linewidth of a particular longitudinal mode
(refer to Fig. 5). The quality factor is related to finesse f by Q = 2f L/λ. It is more
practical, however, to define finesse as
√
π R
F SR
f=
=
.
(1 − R)
∆ν
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(3.4)

For a more complete study of cavities, it is important to define some beam properties.
The description of a generalized spot size ω0 for a cavity utilizing one or two curved mirrors
necessitates a dimensionless quantity g which can be found as

g =1−

L
.
R

(3.5)

This quantity will subsequently refer to each mirror via a subscript 1 or 2. The beam waist is
the region where the beam is minimized. It can be found at the center of a concave-concave
cavity or at the surface of the flat mirror for a plano-concave cavity. The waist is defined as
2ω0 , where ω0 is the spot size and is determined as [62]
ω02 =

Lλ g1 g2 (1 − g1 g2 ) 1/2
[
] .
π (g1 + g2 − 2g1 g2 )2

(3.6)

Curved mirrors support gaussian beams and therefore introduce an added Gouy phase shift
φ(z). This property is defined as a function of displacement z from the beam waist and can
be found to be
φ(z) = tan−1 (

λz
).
πω02

(3.7)

The added phase shift is applied to the original phase shift in the planar cavity. The new
half trip phase shift due to the resonator then becomes
2π
− φ(L) = nπ.
λ

(3.8)

With parameters defined for the cavity mode spectrum and beam, an important property
of this type of resonators can be defined. Circulating intensity I circ as a function of incident
intensity I inc is
I circ
1
1
f
= =
≈ .
I inc
T
1−R
π
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(3.9)

3.1.1

Purcell Effect

The spontaneous emission rate is not a property inherent to individual atoms or molecules.
Rather it is determined by the interaction with the electromagnetic vacuum field and therefore can be altered by tailoring electromagnetic environment surrounding an emitter. In
particular, as first described by Purcell, spontaneous emission can be enhanced or inhibited
by the presence of an optical resonator [63]. In order to better understand this effect it is
necessary to look at transition probabilities of light-matter interactions for a two level system. The transition rate for spontaneous emission can be estimated through Fermi’s golden
Rule and is given by [64]
W1→2 =

2π
2
2 |M12 | g(ω),
h̄

(3.10)

where M 12 is the transition matrix element and g(ω) is the density of states. In general,
the probability of any scattering process is directly dependent on the availability of final
states. Fig. 6 shows the density of states as a function of frequency for free space and in the
presence of a resonator. It is clear that for transition frequencies near the cavity resonant
frequency there is an increased availability of states.
The Purcell factor is generally stated as the ratio of transition rates for spontaneous
emission in the cavity and transition rates in free space; a transition frequency equal to the
cavity resonant mode is stated as [63]

Fp =

W cav
3Q λ
= 2 ( )3 ,
W free
4π V0 n

(3.11)

where λ is the free space wavelength, n is the index of refraction inside the cavity, and V0
is the cavity mode volume. Although minimizing the volume effectively lowers the number
of scatterers, the increased Purcell factor has been shown to enhance emission by orders of
magnitude.
The implementation of such requirements for the use of the Purcell effect inevitably leads
to two other enhancements in the system. The first is the recirculation of light inside the
14
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Figure 6: Density of states comparison between free space (blue) and a cavity (red).
cavity. This enhancement is directly related to the quality factor and therefore finesse and
is on the order of f /π.
The second is the spontaneous emission coupling factor β. This effect arises from the
fact that all of the emission parallel to the direction of the field will be coupled and exiting
with the cavity mode. It is the ratio between the rate of photons emitted in the cavity mode
and the total rate of photons emitted [64]

β=

Fp
W cav
=
.
W cav + W free
1 + Fp

(3.12)

As the density of states perpendicular to the field is unchanged by the resonator, there will
be some portion of the total emission that cannot be coupled. It then clearly follows that in
order for β to approach unity, there must be a large Purcell factor.
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Chapter 4

Purcell Enhanced Microcavities

Note: This chapter is based in part on previously published articles listed below.
J. Gomez Velez and A. Muller, "Purcell-enhanced microcavity Raman scattering from pressurized gases", Appl. Phys. Lett. 112, 041107 (2018).
K. Konthasinghe, J. Gomez Velez, M. Peiris, L. T. M. Profeta, Y. Nieves, and A. Muller,
Dynamics of light-induced thermomechanical mirror deformations in high-finesse Fabry-Perot
microresonators", JOSA B 35, 372-379 (2018).
K. Konthasinghe, J. Gomez Velez, A. J. Hopkins, M. Peiris, L. T. M. Profeta, Y. Nieves,
and A. Muller, "Self-sustained photothermal oscillations in high-finesse Fabry-Perot microcavities", Phys. Rev. A 95, 013826 (2017).

Purcell first recognized the possibility to enhance or suppress spontaneous emission
through the use of resonators in regards to radio frequencies [63]. Through laser technology
developments as well as improved resonator engineering, this Purcell effect has been well utilized and has become an important tool; in past years it has been documented in experiments
ranging from two-level fluorescence [41, 43] to single photon sources for quantum communications [65–67]. Characterizations of this effect in the context of Raman emissions is scarce
though considerable enhancements have been noted [37] Here, arrays of micromirrors have
been fabricated on fused silica substrates and assembled to create Fabry-Perot cavities. A
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molecules inside the cavity giving rise
to spontaneous Raman emission deliberately coupled into a cavity mode for
enhanced transmission and collection.
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focused study on the ν1 Q-branch Raman band of carbon dioxide determine that the Purcellenhanced Raman emission has no significant lineshape broadening when pressurized. The
lack of broadening is unique and directly related to the microcavity configuration in which
cavity linewidth far exceeds the Raman linewidth, thereby making pressurization an asset
to lowering limits of detection.
Further study of high-finesse microcavities reveal distinct limitations in such resonators.
Optical bistability in the cavity transmission was seen in cavities with finesse of ≈ 30000 and
incident pump laser power >10mW. These fast pulsations were on the order of MHz and were
documented for planar-planar, planar-concave, and concave-concave cavities. Theoretical
analysis of the varying transmission shows they are consistent with light-induced heating in
the coating and heat dissipation through the fused silica substrates.
4.1

Purcell-enhanced Microcavity Setup
Over the years there have been many Raman scattering enhancement schemes with wide

ranging results all the way down to single molecule detection [68]. Recent attempts at
enhancements have focused on manipulating the electromagnetic environment of molecules
through waveguides and resonators. Hollow core photonic crystal fibers have been especially
effective in improving collection efficiency [52, 69, 70] while pump photon flux has been
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increased by orders of magnitude through the use of resonators [59, 71]. Although there
are additional constraints, these effects can be similarly implemented using optical microresonators which effectively produce high circulating intensity in a regime where the Purcell
effect is prevalent [37]. As a general rule the Purcell enhancement factor is proportional to
the quality factor and inversely proportional to the cavity mode volume [67].
Taking advantage of the Purcell effect for gas sensing necessitates the use of an open resonator (to flow gas) with stable modes, high quality factor, and minimized mirror separation.
The requirement can be fulfilled using a plano-concave or a concave-concave Fabry-Perot microcavity; an example of which can be seen in Fig. 7. On resonance, the pump light in the
plano-concave cavity has constructive interference and therefore light continuously recirculates, loosing only a fraction of the incident power (based on mirror reflectivity R ≥99.99%).
This technique makes true miniaturization a possibility as the cavity acts as its own spectrometer forcing Raman shifts to match cavity modes in order to be transmitted. Such
cavities require special fabrication and assembly in order to exhibit the desired traits.
4.1.1

Fabrication

To build a Fabry-Perot cavity that complies with the laid out constraints, recent advances
in micromirror fabrication were used [36, 72]. Micromirror templates were fabricated through
the use of laser ablation as seen in Fig. 8 (a). The CO2 laser with wavelength λ = 10.6µm
was focused onto the substrate surface utilizing a ZnSe lens f = 25.4 mm. A spot size
of approximately 20µm was properly adjusted in the incident direction with the use of an
electronically controlled stage. Short pulses were dictated by transistor-transistor logic (4 µs
to 200 µs and energy ∼ 100 µJ) and produced indentations limited in size by pulse duration
and quantity. Fig. 8(b) shows the AFM image of the ablated surface and (c) is data extracted
cross section (Mathematica software was used to fit the radius of curvatures). Mirror cavities
utilized in these experiments had a diameter and radius of curvature of approximately 30
µm and 50 µm, respectively.
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Figure 8: (a) CO2 laser pulse focused onto fused silica substrate forming concave feature
through surface ablation. (b) Contour map of surface feature. (c) Concave feature cross
section with radius of curvature denoted in red. (d) Imaged array of mirror substrate surface
with concave features separated by 60µm.
Arrays of microcavities were made with differing pitch and cavity size controlled through
a LabView interface. The interface allowed the replication of the stage path which was
used to improve surface microroughness to 0.2 nm; this was achieved through re-ablating
the surfaces with a single short pulse to ensure surfaces were not contaminated by ablated
material of subsequent microcavities [Fig. 8 (d)]. After the construction of the arrays on
the substrates, they were sent out to be coated through ion beam sputtering with nominal
reflectivity of R ≥99.99% for wavelengths λ between 770 nm and 860 nm (Coastline optics,
Inc.).
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Figure 9: (a) Animated cross-sectional view of cavity assembly. (b) Image of physical cavity
with dimensions measuring less than one cubic inch.
4.1.2

Assembly

Cavities needed to be assembled in a compact system with stability, pressurization capabilities, and potential for horizontal scalability, therefore, considerable changes were made
to previous designs [37, 46]. The most efficient design, in terms of space, utilized necessary
components for a dual purpose. The final design is depicted in Fig. 9. An aluminum piece
was made to have two gas inputs, hold the focusing lens within an appropriate range (to
focus pump field at the optical cavity), and to provide the proper spacing such that the two
mirrors can be assembled in contact while the distance between M1 and the aluminum perfectly fits two piezo-ring actuators. The gas analyte is then contained between the aluminum
piece, the actuators, and the two mirrors; all of which are held together by a two-part curable
epoxy resin (Torrseal). The two piezo-ring actuators work as the coarse and fine adjustments
for the cavity length, each with a range of approximately 6 µm.
4.1.3

Mirror Annealing

The use of ultra-low loss mirrors is imperative as reflectivity is directly related to finesse
which is proportional to the Purcell factor. Losses in mirrors also dictate the intensity of the
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recirculated pump light. Ion beam sputtering is a technique often used and can fabricate
mirrors minimal losses, with reflectivities up to R = 99.99984 % [73]. To achieve such losses,
O2 composition and temperature during deposition are of importance. Annealing of the
deposited layer enhances its homogeneity and the stoichiometry of non-perfect oxides [74].
Mirrors utilized in the assembly here, were annealed following a modified procedure
similar to that of Ref. [75]. Prior to assembly, the mirrors were annealed with the use
of a hot plate. The temperature was increased every 15 minutes, over a 90 minute period
up to 450 ◦ C. The substrates were kept at that temperature for 90 minutes then it was
subsequently decreased over a 90 minute period with temperature changes every 15 minutes.
The mirror substrates were then assembled as described in the assembly section.
Once assembled and aligned in the optical system, specific microcavities underwent a
secondary annealing under ambient laboratory conditions. Increased incident pump power
was introduced then the cavity length was locked on resonance for a 10 to 20 second time
span. The cavities were consequently annealed through the increased circulating power; the
optimized incident power was found to be 80 mW for these particular cavities. As the initial
finesse varies, so will the necessary incident power to properly anneal. The combination of
the annealing processes yielded an improved finesse of approximately one order of magnitude.
The resulting cavities had a peak finesse of 30 000 at wavelength λ = 810 nm, cavity length
Lcav = 1 µm to 10 µm, and cavity linewidth ∆ν FWHM = 1 GHz to 10 GHz.
4.1.4

Pressurization

Increasing molecular density has been well studied in its ability to improve the limit of detection (LOD) in open Raman detectors [76]. Although pressurization increases the number
of scatterers, it is not always beneficial. The increased density can lead to modification of the
Raman lineshape and offset the advantage through pressure broadening. In order to avoid
these effects, measurements should be taken in the regime where the measured linewidth is
smaller than the cavity linewidth. For cavities on the order of 100 µm this is not the case
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Figure 10: Experimental setup. Pump laser light from a tunable oscillator is focused into
the cavity, and Raman emission is collected and analyzed using a cooled detector (CCD or
photon counter). Locking of the cavity length to the laser frequency is achieved through an
error signal sampled via reflection from the long pass filter. The purpose of the wave plate
and the polarizing beam splitter is solely to control the intensity of the pump laser.
and pressurization would not significantly increase the LOD. The cavity assembly in Fig. 9
was tested up to 35 bar.
4.1.5

Setup

Incident pump laser power from a tunable Ti:sapphire oscillator is controlled with a wave
plate and a polarizing beam splitter. The collimated light is then focused on the optical
cavity via a single mode-matching aspheric achromatic lens (Fig. 10) [77]. The emerging
Raman emissions and pump light are subsequently collimated with a similar aspheric lens.
The frequency region under study is cleaned up by a short pass filter prior to the cavity
and a long pass filter which redirects the laser line. The Raman scattered photons are then
collected into a multimode optical fiber with an off-axis parabolic reflector. Coupled light
in the fiber is guided to either a photon counting avalanche detector or to a spectrometer
with a CCD, though spectral analysis is not necessary in this setup (refer to section on
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the double resonance condition). Localized heating from the circulating pump light causes
optical bistability resulting in a near-linear relationship between frequency and transmission
on one side of the resonance [77–79]. The reflected pump light by the filter thus provides a
signal to lock the cavity at the necessary length as well as couple into the TEM00 mode.
Piezoelectric transducers are used jointly with the tunable light to find the free spectral
range and cavity linewidth whose ratio determines finesse. Once this system is optimized,
mirrors can be annealed as previously described in the assembly section. The subsequent
task is to determine the Raman shifts a cavity assembly can support. As the FSR is changed
stepwise through adjusting the cavity length, the tunable laser can be used to determine when
the pump and stokes fields are near resonance. Once in the vicinity of double resonance,
an etelon is used to finely tune the double resonance condition. Note that the ability of
the system to support a large range of double resonance conditions is predicated on the
tunability of the laser and the Bragg mirror’s bandwidth [37].
4.2

Double Resonance Condition
The purpose of the resonator is to utilize recirculation of light to increase power and

consequently spontaneous Raman scattering; this improvement is negated if the amplified
Raman emission does not exit the cavity. Added restrictions are therefore placed on the
optical system for practical implementation. Rotational and vibrational molecular modes
provide a fixed frequency difference between Raman emissions and the excitation source
(Refer to chapter 2). Because of this fact, cavity enhancements for Raman scattering will
only be viable if both the pump field and the Stokes Raman emission resonate with cavity
modes.
Optical resonators can support a large number of transverse electromagnetic modes as
determined by Hermite-Gaussian functions (Refer to chapter 2). Higher order modes have
complicated intensity distributions and should be deliberately avoided. It is preferable to
couple into the TEM00 mode as it has a gaussian distribution, the smallest divergence, and
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Figure 11: Cavity mode spectrum (green) displaying frequency difference between pump
field (blue) and Stokes field (red) divisible by cavity free spectral range within the highest
reflectivity range of the mirrors.
can be focused to the smallest size [64]. In practice, optimized coupling into the TEM00 mode
is dependent on a combination of the appropriate incident beam direction and focusing;
these adjustments are made while viewing the transmission spectrum of the cavity on an
oscilloscope. Once properly coupled, the spectrum will have a one peak repeating pattern,
similar to the green trace in Fig. 11 (auxiliary peaks would represent higher order cavity
modes).
As previously mentioned the frequency difference between the pump field and the Stokes
Raman emission is constant for a particular rovibrational mode. The double resonance
condition is fulfilled when this frequency shift between the pump and the Stokes light is
divisible by the free spectral range which separates the longitudinal modes (see Fig. 11).
Ideally, resonance would be achieved by having the cavity length equal to an integer number
of half wavelengths; however because of the frequency dependent phase shift at the mirrors,
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an extra term φ(ν) must be included.
2πn
Lcav − Φ(Lcav ) + φ(ν) = mπ
λ

(4.1)

Here λ is the incident light wavelength, Lcav is the cavity length, and Φ(Lcav ) is the Guoy
phase shift.
The possibility of effectively satisfying all of these conditions is predicated on the cavity
assembly. Previous research has determined that a resonator’s ability to enhance Raman
scattering through this technique is dependent on sufficient tunability of the pump frequency
and Bragg mirror bandwidth (Raman shift < Bragg mirror bandwidth) [37].
The task can be completed through characterizing the change of the free spectral range
as a function of cavity length and pump light. A voltage ramp (triangular waveform) is
applied to one of the PZTs which allows the mirror separation to vary near the cavity
resonance length. The additional PZT works as an offset but can easily be used to center
the fundamental mode peak on the voltage ramp (as viewed on the oscilloscope). With the
cavity length held at a particular range, a tunable Ti:sapphire laser can be used to traverse
the free spectral range of the cavity, in the direction of Stokes shifted photons, by increasing
the incident wavelength. The subsequently viewed modes, as the wavelength is increased,
will have a specific frequency difference from the original fundamental modes. It is this
difference in frequency which must coincide with the particular Raman shift to be studied.
If the difference is not the desired value then adjusting the cavity length and the incident
wavelength will change the supported shifts.
Once the coarse adjustment is achieved and the cavity is near double resonance, fine
tuning should be done. Incident wavelengths are finely tuned while cavity length is locked to
the resonance; i.e., the voltage ramp is flattened and locked. The peak emission is measured
for subsequent changes in wavelength which should make up a range surrounding the double resonance condition (reconstructions of these measurements are shown in the following
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sections). In principle the double resonance condition should be fulfilled within the highest
reflectivity range of the mirrors, effectively realizing the lowest losses.
4.3

Purcell-enhanced Raman Scattering from Gases Under Pressure
The newly designed cavity assembly combines pressurization capabilities with minimized

cavity length in a plano-concave Fabry-Perot resonator for an improved LOD in gas sensing. The Q-branch Raman band of CO2 with a Raman shift of 1388.2 cm−1 was used to
test resultant microcavities. The rate of Raman scattered photons is reported to have a
near linear increase and no significant lineshape broadening as a function of increasing pressure. Improvements due to pressurization in this system are directly related to working in a
regime where the cavity linewidth far exceeds the Raman linewidth. Purcell-enhanced Raman scattering (PERS) from pressurized gases is then proven effective through concentration
measurements.
4.3.1

Pressurization Measurements

Once the cavity is near the double resonance condition, gases can be introduced at varying
pressures. Although the added pressure can alter the cavity length by the increased molecular
density through an increased index of refraction, it was not actively stabilized in reference to
the pressure. Once locked at a particular length, the PERS rate is measured over the double
resonance range. The PERS rate is defined as the number of Stokes photons emitted into
the TEM00 mode and is corrected for the detector efficiency [37, 80]. It is important to note
that the rate is also proportional to the analyte concentration inside the cavity mode volume
[46, 80]. Fig. 12(a) shows a piecewise reconstruction of the PERS rate as a function of laser
frequency, for a CO2 concentration of 1000 parts per million (ppm) pressurized to 10.6 bar.
In order to achieve lower consentrations, CO2 was mixed with nitrogen in a canister prior
to pressurization. Fig. 12(b) displays the peak PERS rates from a mixed concentration of
350 ppm as a function of pressure. It can be clearly seen that the emission rates steadily
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Figure 12: (a) PERS double resonance spectrum of CO2 at a concentration of 1000 ppm in
nitrogen at 10.6 bar. (b) Peak PERS emission rate as a function of pressure for 350 ppm
CO2 in nitrogen.
increase in a near linear fashion; this is evidence that the Purcell effect is not saturated with
respect to pressurization.
To further support this claim, Fig. 13 displays linewidth as a function of pressure with
measurements taken as discussed for Fig. 12(a). It is evident from the figure that the
linewidth is not significantly broadened due to increased molecular density and therefore
pressurization is practical to lower the limit of detection of this cavity. In an attempt to
show its practical viability and robustness, these measurements are of compressed ambient
laboratory air without any sample preparation such as filtering or dehumidifying.
The resulting linewidth measurements of Fig. 13 are displayed on the left vertical axis
(raw double resonance linewidth) as a function of laser frequency and on the right vertical
axis as the Raman spectrum linewidth. The latter referring to the frequency difference
between the pump field and the Stokes Raman line. Both linewidths are measured by taking
the full width at half maximum of the PERS rate as displayed by Fig. 12(a) and the inset
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Figure 13: PERS and Raman spectrum linewidth as a function of gas pressure. The inset
shows the PERS rate as a function of frequency shift for the atmospheric concentration of
CO2 in nitrogen at 4.35 bar.
of Fig. 13. The extracted linewidths are considerably smaller than the cavity linewidths due
to the microscopic distance between mirrors; this is essential to including pressurization. A
similar cavity with 100 µm mirror separation would exhibit a much smaller cavity linewidth;
such a cavity with equal finesse (as the one studied here) would experience sizable pressure
broadening, limiting the benefits of pressurization.
4.3.2

Concentration Measurements

Limitations of the optical system were tested through varying concentration measurements pressurized to 14 bar. Fig. 14 is the resulting accumulation of the peak PERS rates
as a function of concentration with the lowest concentration of CO2 being 150 ppm. The
graph clearly depicts a near linear relationship although the exact relationship between Raman emitted light intensity and concentration would have to consider the non-ideal gas
behavior at high pressures. Backgrounds have deliberately not been subtracted from mea28
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Figure 14: PERS emission versus CO2 concentration at a pressure of 14 bar.
surements in Fig. 14 as the background signal from the coating material will directly affect
the LOD.
It is sensible to suppose a breath sample could be collected under atmospheric conditions
and subsequently compressed into the optical system (next chapter uses breath samples compressed with a hand pump). The lowest measurement shown in Fig. 14, at 150 ppm, would
then correspond to a sample with an initial concentration of 11 ppm. The calculated limit
of detection for an uncompressed sample is then 4 ppm for the same 3 second exposure as
each data point in Fig. 14. This value was calculated following Ref. [81] which utilizes
the standard deviation of blank measurements as well as low concentration measurements.
Lower limits of detection for a pressurized PERS system can likely be found with some improvements. Reasonable improvements could include longer exposure times, higher detection
efficiency (≈ 1% currently), and improved mirror coatings. It should be noted that the measurements taken here were limited in part by the ability to accurately mix concentrations
containing less than 100 ppm (CO2 ).
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4.3.3

Interaction Volume

In order to fully grasp the enhancement of the Purcell effect, it is important to quantify
the molecules involved in the Raman scattering process. The spot size can be determined
using gaussian beam theory as follows [35]
q
wo = λ((R − Leff )Leff )1/2 /π ≈ 2µm,

(4.2)

where Leff ≈ c/2F SR ≈ 7 µm. Using the spot size wo , the area of the beam can easily be
found and the physical gap Lgap ≈ 2µm can be used to find the volume. The effective length
is perceived to be larger than the physical gap due to mirror dispersion and field penetration
into the mirrors. The physical gap is estimated initially from the PZT displacement and
verified by the number of free spectral ranges found between contact and the resonance
length. With all the parameters at hand, the volume is found to be πwo2 Lgap ≈ 25 µm3 .
This is a critical parameter as the Purcell effect is inversely proportional to the volume.
For a measurement of 350 ppm at one atmosphere, this volume contains just 2 x 105 CO2
molecules. In fact, of these only molecules near the cavity field anti-nodes will actually
participate in the Raman scattering process. By comparison, the air exhaled in a human
breathing cycle contains an order of 1021 CO2 molecules.
4.4

Photothermal Oscillations
The high circulating intensity present in high-finesse resonators may in general induce a

variety of optomechanical deformations such as electrostriction, the optical Kerr effect, radiation pressure, and thermal effects. These effects continually coexist within such resonators
but their magnitude is directly dependent on the cavity parameters which in turn dictate the
extent to which the resonator is disturbed. When competing processes take place, oscillatory
dynamics will emerge similar to macroscopic Fabry-Perot resonators [82, 83]. Several microcavity configurations were studied including planar, concave-concave, and plano-concave
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geometries [39, 40]. The main discussion here will be limited to the plano-concave arrangement.
The cavity under study was made similar to the one described in the assembly section
of this chapter. Its properties include radius of curvature ROC ≈ 50 µm, mirror gap L ≈
10 µm, and finesse f ≈ 60 000. Transmission measurements are shown in Fig. 15 where the
PZTs were varied using a triangular waveform. Fig. 15(a) is related to the up ramp as the
cavity length is increased and 15(b) is related to the down ramp as cavity length is decreased.
The resonance length is then approached from both directions (small to large then large to
small) causing cavity effects to decelerate or accelerate the approach ultimately producing a
triangular transmission lineshape (broadened or narrowed) for incident powers exceeding 1
mW.
In order to reasonably assign culprits of the optical bistability, some analysis must be
done. Nonlinear changes to the index of refraction due to the optical Kerr effect and electrostriction are found to be ∆n ≈ 3(10)−16 cm2 /W [84] and ∆n ≈ 0.6(10)−16 cm2 /W [85],
respectively. These nonlinear effects are related to the change in resonance length by ∆L/∆n
≈ 1.5 µm for ∆n  1 [39]. The combination of these nonlinear effects provide a change in
length of approximately 0.3 pm and therefore can be safely ignored. Radiation pressure was
studied through a finite-element simulation for the following parameters: Frp = 2Pcirc /c ≈
1 µN (force), contact area is πw02 , Young’s modulus of 73 GPa, and a Poisson ratio of 0.17.
The simulation shows that the indentation on each mirror is 1.5 pm. The transmission for
22 mW incident light in Fig. 15(a) is considerably lowered and thus could not have been
caused in its entirety by a 3 pm displacement from the cavity resonance length. It is then
reasonable to assume that radiation pressure plays an auxiliary role.
The main cause of the slow-fast dynamics viewed in Fig. 15 is due to the absorption
of the mirrors which causes heating in the reflective coating as well as the bulk material
underneath. The hottest temperature is found at the mirror surface and is quickly dissipated
through the bulk. In this way, photothermal refraction comes from the top reflecting surface
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Figure 15: (a) Transmission of microcavity as its length is being varied at a rate of 8.8 pm/µs
by PZTs, for a set of laser input powers Pin . In the left (right) traces, the length is being
increased (decreased). (b) Zoomed view into the right traces of panel (a). (c) Zoomed
view of the oscillatory regions of the Pin = 22 mW up-ramp data of (a). The Roman
numerals indicate the starting time of each trace (offset vertically for clarity) in relation to
the representation in (a).
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Figure 16: (a) Numerically simulated circulating power for Bs = −16 pm/W, Bf = 1.12
pm/W, ts = 3.57 s, tf = 0.14 s, α = 5000, Pin = 10 mW, Ls (0) = 229 pm, Lf (0) = −23.8
pm, and Lc − Lres = −207 pm. (b) Corresponding cavity length change associated with photothermal expansion. (c) Corresponding cavity length change associated with photothermal
refraction. (d) Sum of (b) and (c).
as a fast acting increase to the cavity length while photothermal expansion relatively slowly
decreases the cavity length as the heat dissipating through the bulk layers increases its size.
To approximate cavity length changes as a function of power, the thermal effects are modeled
[39] to arrive at two rates Bs = −16pm/W [77] and Bf = 1.12pm/W [86] for photothermal
expansion and refraction, respectively. Two timescales are also found to be τs = 3.57µs and
τf = 0.14µs for photothermal expansion and refraction respectively [39]. The cavity length
can then be modeled as a combination of cold cavity length Lc , slow cavity length Ls , and
fast cavity length Lf using
L(t) = Lc (t) + Ls (t) + Lf (t),

(4.3)

with the rates of change to the first order as
1
dLf (t)
= − (Lf (t) + Bf P circ (t)),
dt
τf
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(4.4)

and
dLs (t)
1
= − (Ls (t) + Bs P circ (t)).
dt
τs

(4.5)

The resonance condition of the cavity will then determine the circulating power through

P circ (t) =

1+

(Ls (t)
[ 4f
λ

αP in
,
+ Lf (t) + Lc − Lres ]2

(4.6)

with α as a mode and impedance matching coefficient, P in as the incident power, f as the
cavity finesse, λ as the wavelength, and Lres as the cavity resonance length.
Equations 2.4 to 2.6 are useful to theoretically study the experimental features seen in Fig.
15. Fig. 16(a) shows intracavity circulating power which is proportional to the transmission
of the cavity and therefore can ascribe validity to the approximation. Equations 2.4 and 2.5
are then numerically integrated to assign length changes due to photothermal refraction and
expansion as well as their combination [Fig. 16(b-d)].
4.5

Conclusion
The intent to miniaturize optical cavities was fulfilled by implementing Fabry-Perot cav-

ities. The optical system presented was thereby able to challenge conventional wisdom in
spontaneous Raman scattering that it is preferable to maximize the interaction volume to
amplify scattering intensity. Instead, an enhanced SRS intensity was experienced by a significantly reduced interaction volume as the Purcell factor is inversely proportional to cavity
mode volume. Further improvements were realized through pressurization which is only
useful here in the regime where Raman linewidths exceed cavity linewidths. Experimental
findings showed that this type of implementation did not saturate the Purcell enhancement
and effectively nullified pressure broadening. Although this tool has been shown to be effective and can be implemented as a compact package, it is not without limitations.
Initial implementation is restrictive due to difficult to fulfill resonance conditions which
support a small range of Raman shifts. Additionally, the ability of low-loss mirrors to recir34

culate high percentages of power within the cavity (near resonance) gives rise to competing
optical phenomena. Experimental data shows a cyclical bi-stability in the transmission spectrum of the cavity caused by cavity length changes. The opposing behavior of photothermal
expansion and refraction then cause a clear limitation of the incident power. All together,
the PERS scheme was shown to reach single digit ppm detection capabilities using a single
microresonator. The potential of this technique becomes even more apparent when considering the ability of horizontal scaling as substrates can easily contain anywhere from 105 to
106 resonators. The ability to couple a small fraction of these microcavities into a particular
double resonance condition would enable this system to reach a limit of detection in the low
the parts per billion.
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Chapter 5

Multipass Optical Cell

Note: This chapter is based in part on previously published articles listed below.
J. Gomez Velez and A. Muller, "Trace gas sensing using diode-pumped collinearly detected
spontaneous Raman scattering enhanced by a multipass cell ", Opt. Lett. 45, 133-136 (2020).
J. Gomez Velez and A. Muller, "Spontaneous Raman scattering at trace gas concentrations
with a pressurized external multipass cavity", Meas. Sci. Tech., accepted (2020).

Cavity-enhanced Raman scattering for gas sensing has been documented in a number of
different geometries and schemes and generally provides an increased power through beam
overlapped regions. Some examples include the increased circulating intensity in Fabry-Perot
type cavities [44, 71, 87], retroreflecting cavities [55, 88, 89], and absorption type cells [32,
59].
A system based on a near-concentric multipass optical cell is described and characterized, showing significantly enhanced spontaneous Raman scattering and improved collection
efficiency. The simple, cost effective arrangement utilizes a multimode high power semiconductor laser diode with a reduced linewidth through feedback provided by the cavity by
way of a volume Bragg grating. With a circulating power nearing 100 W, a reduced laser
linewidth (80 pm), and pressurization up to 10 bar, the system achieves limits of detection
below 100 parts-per-billion.
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Figure 17: Experimental setup. Pump laser light is collimated in part with the use of a
cylindrical mirror then focused at the center a multipass optical system. A collinear detection
path is set to collect forward and backward Raman scattered light separated from the pump
field with a short pass filter and directed to a USB spectrum analyzer.
5.1

Setup
It is commonplace to implement diode pumped solid-state lasers as stable multi-Watt

excitation sources though the resulting optical system becomes more complex as well as
considerably more expensive. These hindrances are omitted from the setup shown here due
to the utilization of a high-power single emitter laser diode (Nichia NUBM44) at wavelength,
λ = 443 nm. While there is a distinct advantage in cost as well as an increased Raman
scattering cross section from working at shorter wavelengths, the inclusion of this multimode
laser diode signifies an increased spectral bandwidth and a considerable beam divergence
prior to correction.
The emitted light from the laser diode is collimated, along the fast axis, with an aspheric
lens (4 mm focal length) after which the divergence of the beam is less than 0.1 mrad. The
beam is subsequently reflected by a cylindrical mirror (40 cm focal length) resulting in a
slow axis divergence of less than 0.5 mrad. The emerging beam (cross section of 4 mm by 5
mm) is directed at a volume Bragg grating (<0.1 nm bandwidth, 90% diffraction efficiency)
and thereby reflected toward a bandpass filter (438 nm). The incident beam is then focused
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Concentric

Near concentric

Figure 18: Multipass optical systems utilizing ideal spherical mirrors in a concentric and a
near concentric regime.
by a lens (focal length 25 cm) and passes through another cleanup bandpass filter (445 nm)
as it approaches a focal point slightly offset from the center of the multipass optical cavity.
Multipass cells have been well studied for their ability to increase the laser intensity in a
particular region through the overlap of successive reflections [55, 88]. These configurations
are also similar to absorption cells where the increased optical path inside the cell provides
information regarding the interaction between the sample and the incident light [90]. The
inherent advantage of these cavities over optical resonators is the forgone necessity for fulfilling resonance conditions, incident frequency stabilization, actuators, as well as locking
mechanisms [71, 91].
The most straight forward configuration for a multipass cell is the concentric regime
where two curved mirrors are separated by distance L at double the radius of curvature,
ROC (Fig. 18). After the focusing lens, the incident beam is directed at an angle such that
it grazes mirror M1 and reflects from the far side of mirror M2. The lens focuses the light
on point offset from the center based on the incident angle. As the beam is reflected, it is
refocused on point oppositely offset from the center. This process is repeated tens of times
(depending on beam size and mirror diameter) leaving equidistant reflection spots and two
well defined foci relating to M1 and M2, respectively. The proper alignment will provide an
increase in power of orders of magnitude (depending on the number of reflections) and is
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determined by the beam path being on the same plane as well as each mirror focusing at the
same spot.
Analysis of the concentric regime done by Petrov et al. [32] shows a slight modification
can quadruple the number of reflections over the same diameter mirrors. This near-concentric
regime is employed in the setup pictured on Fig. 18. The practical difference arises from
tilting one of the mirrors effectively offsetting the center point of each mirror. The angled
mirror causes each consecutive reflection spot to decrease in separation ultimately causing
successive reflections to traverse the diameter of the mirrors in the opposite direction. As
the beam forms a return path the number of reflections and therefore the number of focal
points doubles, providing the system with a circulating power on the order of 100 W. With
proper alignment, the cavity can then also easily provide feedback through the return beam.
The combination of cavity feedback and volume Bragg grating play an important role in
signal resolution as they can successfully narrow the laser spectral linewidth to below 0.1
nm (4 cm−1 ). Ideally the returning beam can be aligned to perfectly retrace its path from
the laser diode. However, that arrangement necessitates a very robust and precise alignment
to provide proper feedback. In the setup employed here, a more stable alignment is used
which provides feedback from a reflection spot with a small separation to the consecutive
spot. The newly narrowed linewidth is an essential component of the system, especially in
applications where isotopologues need to be distinguished.
Conventional spontaneous Raman scattering detection is done perpendicular to the direction of the propagation of the pump laser, effectively avoiding large backgrounds introduced
or created by the focusing of high intensity pump light [33]. While this technique is effective,
it introduces constraints on the laser mode quality in order to tightly focus the beam and it
negates the collection of any Raman emission outside of the chosen focal point of the multipass optical system. Instead, this setup employs a collinear collection geometry to forgo
constraints on the multimode laser diode as well as collect Raman scattered light form the
entire beam path inside the multipass cell. An additional advantage of the near-concentric
39

configuration is that due to the final reflection and thereby return of the beam, all of the
forward and backward scattered light can be collected. A 445 nm bandpass filter allows the
unattenuated laser light to enter and exit the multipass cavity while Raman scattered light is
reflected and passed through a final long pass filter (458 nm). The Raman emissions are then
coupled into a 25 µm core fiber, using a 15 cm collimating lens and an off-axis parabolic
reflector (Thorlabs RC04FC-P01). A charge coupled device (CCD) cooled to -100◦ C and
with a resolution of 7 cm−1 is used for the bulk of the spectral analysis.
The sensing capabilities of the setup are further improved through sample pressurization
up to 10 atmospheres. Analyte samples were compressed with a hand pump while the
increased levels of water were mitigated by the use of silica beads. Optical misalignments
incurred were then diminished by attaching the curved mirrors to a distinct plate separated
from the pressure box by a rubber platform. The resulting setup is such that realignment is
not necessary between each sample load.
5.2

Measurements
Spontaneous Raman scattering measurements of rotation-vibration Raman bands are

taken spanning shifts between 1200 cm−1 and 4200 cm−1 . Determination of the newly designed multipass system’s efficacy was originally done through unpressurized measurements
like those shown in Fig. 19. Even in this large scale overview, a 10 second exposure shows
methane in a breath sample. The addition of pressurization to the same optical system is
shown in Fig. 20. The preliminary overview, similarly shows CO2 , O2 , N2 , CH4 , and H2 O,
and the capability to discern H2 (detected with 5 second and 5 minute exposures for Raman
shifts 1200 cm−1 to 2700 cm−1 and 2800 cm−1 to 4200 cm−1 , respectively). Breath (orange)
and laboratory air (blue) are shown compressed to approximately 7.5 bar without any effort
to subtract background. The overview clearly shows the systems ability to detect small
changes in concentration as shown by the difference in oxygen between breath and ambient
air. It is also easy to see trace detection capabilities showing methane (nominal concentra40
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Figure 19: Ambient air Raman spectrum measurements with exposure times 0.1 s (blue), 10
s (yellow), and 100 s (green).

Figure 20: Raman spectrum measurements of ambient air (orange) and breath (blue) pressurized to 7.5 bar with a zoomed in portion between 2800 cm−1 and 4200 cm−1 .
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Figure 21: Comparison between two breath samples (orange and red) and ambient laboratory
air (blue). Hydrogen is detected in ambient air (≈600 ppb concentration) and in breath
(≈1.5 ppm concentration) near 4160 cm−1 . A scaled spectrum from a measurement without
desiccant (green trace) shows the background peaks due to water. All measurements were
taken at 7.5 bar pressure with a total 90 minute exposure time (an average of 18 spectra
each with 5 min-long exposure).
tion ≈ 1.9 ppm) as well as the effectiveness of the desiccant (decreased water concentration
to ≈100 ppm) helping to discern hydrogen at a concentration in air of approximately 600
ppb.
Although trace concentrations are detectable at 5 minute exposure times, averaged traces
are shown in Fig. 21 for multiple breath samples (orange and red), ambient air (blue),
and 1.5% water (light green). In the enhanced view secondary bands of methane (CH4 )
are visible including a peak close to 3025 cm−1 and an overlap with the oxygen O-branch
overtone between 3100 cm−1 and 3200 cm−1 .
Water peaks dominate the right side of Fig. 21 even with the addition of desiccant. In
order to distinguish any peaks from those of water, a trace of 1.5% H2 O is scaled to provide a definitive background without contaminants. It is clear from the figure that several
water peaks closely overlap the region where hydrogen is found and thereby the remaining
concentration of water, post desiccant, is the dominant limitation in the detection of hydro42
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Figure 22: Raman spectra of unpressurized ambient air and breath samples highlighting
variability between subjects, displaying acetone in breath, and detecting semi-heavy water.
gen. Detection of H2 is seen in breath samples (≈ 1.5 ppm) as well as ambient laboratory
air (≈ 600 ppb), with the Q(3) line (4128 cm−1 ) and Q(2) line (4145 cm−1 ) plainly distinguishable and the Q(1) line (4157 cm−1 ) and Q(0) line (4163 cm−1 ) falling within the
limits of spectral resolution. Peaks found at 3400 cm−1 and 4100 cm−1 are grating artifacts
originating in oxygen and nitrogen emission, respectively (the light is not actually at these
frequencies and can be removed by incorporating a long pass filter).
Unpressurized samples of ambient air and breath are shown for a similar zoomed in
Raman shift range (Fig. 22). This figure covers a semi-heavy water peak and really tests the
fine tuned capabilities, displaying multiple subjects with objectively different concentrations
of exhaled CO2 and one with an excess of methane. All three of the subjects’ breath samples
contained a detectable amount of acetone, which differed from those in the pressurized
measurements. It is possible that the difference between measurements was caused in the
loading process or by chemical reactions. Verification of the culprit necessitates further
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Figure 23: Spontaneous Raman scattering spectra in ambient conditions taken with a CMOS
camera. (a) Maximum CO2 SRS intensity due to breath. (b) SRS intensity of CO2 in ambient
air. (c) SRS intensity reaction time in an unpressurized multipass cell.
investigation.
Characterization of the reactionary capabilities of the optical system are displayed in
Fig. 23. With the optical system exposed to ambient laboratory conditions, measurements
were taken continuously over a 4 second time span. Fig. 23(c) is the integration of the CO2
peaks during the time frame, with breath introduced after a one second time lapse. The
graph shows variability in the measurements throughout the time frame and a reaction time
limited here by the exposure time (0.1 s).
A more focused Fermi CO2 dyad region can be seen in Fig. 24 (a and b) spanning from
1230 cm−1 to 1430 cm−1 for two different breath samples. Carbon 13 isotopologues are distinguished throughout the region while isotopes of oxygen are limited by the spectral resolution
of the system. Additionally, Fig. 24(b) shows measurements of the same region with similar
isotopic detection capabilities without the use of pressurization as well as forgoing the cost
and complexity added by the CCD. Instead the measurements are taken with the intent of
eventual miniaturization through the use of a CMOS array detector (QHYCCD minicam),
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Figure 24: Spectra for ambient air and breath in the Fermi CO2 dyad region revealing
isotopologue peaks. (a) Unpressurized setup. (b) Pressurized to 7.5 bar.
at room temperature, in conjunction with a 3600 grooves/mm holographic diffraction grating. The collection system utilized a 16 mm focal length lens with light delivered through a
multimode optical fiber.
Lastly, an additional demonstration of isotopic differentiation is demonstrated at trace
concentrations and without any pressurization using water vapor as the analyte with varying
isotopoloque mixtures. These measurements, seen in Fig. 25, are done with the CMOS
camera cooled and maintained at -25o C to minimize thermally induced noise and have a
spectral resolution of approximately 5 cm−1 . The focus is on naturally occurring semi-heavy
water, HDO, where deuterium is a heavy hydrogen containing a neutron (typically has an
abundance of 0.0315% relative to H2 O [93]). The samples studied included regular tap water
and a commercially available deuterium depleted drinking water (Litewater). Litewater
boasts a certified deuterium to hydrogen ratio of 5 ppm. These samples are introduced into
the setup as a liquid and placed beneath the two foci of the system. The effect is that the
detection is of the headspace evaporation while the desiccant included in the setup, absorbs
the surrounding background water vapor.
The semi-heavy water is denoted by its unique spectral signature occurring near 2721
cm−1 with the peak specifically corresponding to the O-D bond stretching of HDO [92]. A
comparison of the deuterium depleted water and the tap water shown in Fig. 25 clearly
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Figure 25: Raman spectra of air at atmospheric pressure in the presence of a liquid water
sample beneath the multipass cavity foci (10 min exposure). The HDO peak near 2721 cm−1
is about five times greater in the tap water sample (top black trace) than in a sample of
“deuterium-depleted” water (bottom black trace). The red traces represent theoretical H2 O
and HDO spectra provided by Ref. [92].
depicts the reduced signal and effectively equates to a diminished concentration going from
5.4 to 0.9 ppm in atmospheric air. In general, these type of HDO measurements constitute
an important part of determining the natural water cycle which are alternatively done with
expensive chemical detection systems such as cavity-ring down spectroscopy.
5.3

Discussion
Data traces shown in Fig. 21 and Fig. 24 show simultaneity of detection and trace gas

sensing in the parts per billion for realistic data samples coming from breath or ambient
laboratory air. The well resolved chemical analysis can be used for isotopic measurements
which produce information directly related to medical examinations such as metabolic trac46

Table 1: Comparison of nominal and measured concentrations of various gases and their
limit of detection (LOD) for a 300 s exposure time.

gas

O2

Raman
shift
(cm−1 )
1556

cross sec.
at λpump
=443 nm b
1.16

CO2

1388

1.20

CH4

2917

7.64

H2

4160

2.80

NH3
CO
NO
NO2
N2 O
C2 H2
(CH3 )2 CO

3334
2145
1876
1320
1285
1342
2934

4.36
0.93
0.33
15.8
2.20
6.65
10.3

a
c

sample
air
breath
air
breath
air
breath
air
breath
breath
breath
breath
breath
air
air
breath

nominal
conc.
(ppm)
2.095(10)5
∼1.6(10)5
415
∼3.8(10)4
1.9
∼2
0.6
∼1
∼1
∼1
–
–
.33
–
∼1

measured
conc.
(ppm) c
–
1.7(10)5
451
4.8(10)4
2.1
2.1
0.4
3.1
–
–
–
–
–
–
–

LOD
(ppm)
–
–
24 a
24 a
0.10
0.10
0.04
0.04
0.11
37
5.1
0.13
13.2
0.38
0.56

5 s exposure. b Relative to the ν1 band in N2 [48].
Referenced to the nominal oxygen concentration.

ing of ingested isotopes [93] as well as detection of lung infections [94] and of course in the
established hydrogen test [95]. The low implementation cost paired with the high sensitivity of measurements make this multipass spontaneous Raman scattering detection system
suitable for medical diagnostics, industrial chemical sensing, and atmospheric monitoring.
Table 1 offers several important quantities related to particular gases, ultimately assigning
limits of detection based on measurements and extrapolating the limits of detections for
undetected gases. Raman shifts were found in accordance with and relative to accepted
values while scattering cross sections were normalized to N2 , corrected to reflect the incident
wavelength used, and in reference to H.W. Schroetter’s work [48]. Nominal concentrations
are given for molecules found in air and breath samples, then measured concentrations are
shown (referenced to nominal oxygen concentration) based on peak intensities, tabulated
cross sections, and efficiency of detection. Finally, limits of detection are listed for measured
molecules following the procedure in Ref. [81].
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Extrapolated limits of detection utilize the Raman spectra shown in Fig. 21 and Fig. 24 to
define a minimum concentration below which molecules are undetectable. The concentration
is found by taking three times the average noise at a specific frequency, coinciding with the
Raman shift of the molecule in question, then taking into account scattering cross sections
and detection efficiencies in relation to a known/measured molecule. In the case of NH3
(ammonia) at 3334 cm−1 , the minimum detectable quantity is ≈ 100 ppb. With the nominal
concentration in breath being ≈1 ppm [96], it is clear that the system experiences ammonia
losses possibly due to filtration inside the pressurization system or chemical reactions.
In a similar manner, detection limits are listed for some volatile organic compounds as well
as carbon monoxide and nitrogen oxide. The variability in breath of some compounds like
acetone [(CH3 )2 CO] have hindered their detection in the samples studied here although they
have been previously detected [97]. Ethyne (C2 H2 ) is a combustible hydrocarbon, normally
kept as a solution due to instability, detectable in air at concentrations in the parts per billion.
Even Lower limits of detection are found for Nitrogen dioxide (NO2 ) which can represent
pulmonary inflammation in a breath sample as well increased environmental pollution from
fossil fuel combustion. Nitrous oxide (N2 O) is another important greenhouse gas, detectable
to ≈ 10 ppm, that should be monitored as its concentration is steadily increasing.
Chemical detection of some species may seem obscured by the overwhelming Raman
emissions collected from compounds such as CO2 , O2 , and N2 but their dominating presence does not constitute the dominant limitation. This case is well illustrated by Carbon
monoxide (CO) whose Raman shift overlaps with the nitrogen O-branch. The current spectral resolution of detection (7 cm−1 ) is what limits the minimum detectable concentration,
with other possible culprits being the laser linewidth (3.5 cm−1 ) or the intrinsic transition
linewidth (≈0.1 cm−1 ). Considerably lower limits of detection could be found by improving the resolution as well as the spectral purity of the laser; however, this would certainly
increase the cost and complexity of the system. Further pressurization of about an order
of magnitude would be similarly beneficial, although it would come at the cost of ideal gas
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behaviour which would obscure extracted concentration measurements [98].
5.4

Conclusion
Increased spontaneous Raman scattering and collection efficacy through the use of a

multipass cell and collinear detection are demonstrated in the simultaneous detection of
several chemical species, with trace sensitivity. Analysis of peak intensities demonstrate
limits of detection in the tens of ppb, with measurements easily showing the ability to detect
hydrogen at a nominal concentration of ≈ 600 ppb in a 5 minute exposure with the sample
pressurized to 7.5 bar. Actual breath and ambient air samples were utilized to illustrate the
practicality of the system without deliberate alteration other than the use of silica beads as
a desiccant. It is sensible to extrapolate that the system can be portable due to its simplistic
and robust nature. In this way, the system is shown to be a cost effective, realistic trace gas
detector to be implemented in medical, environmental, and industrial settings. The limits
of such a system are yet to be explored as modest improvements could provide significantly
lower limits of detection. Utilizing ultra-low loss mirrors, slightly increasing laser power, and
doubling pressurization will likely lower limits of detection down to few parts-per-billion.
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Chapter 6

Outlook

There are several techniques to enhance spontaneous Raman scattering and exploit spectrally different emissions for the detection of gas molecules. Amongst these methods, the
use of pressurized microresonators was shown to be effective reaching limits of detection for
carbon dioxide in the single digit ppm for 3 second exposures at 14 bar. Enhancement of the
scattering intensity is partially caused by the recirculation of light determined by resonance
conditions as well as cavity finesse which simultaneously effects the amplification caused by
the Purcell effect. The effect becomes increasingly prevalent as cavity mode volume decreases, causing an altered availability of final states through change in the electromagnetic
environment. With the preferred direction matching that of the cavity longitudinal modes,
increased spontaneous emission is experienced in the collection path.
The results of pressurized PERS, denoted in this document, were attributed to a single
microcavity. The fabrication of concave depressions through laser ablation introduces the
capability of creating large arrays containing up to a million cavities within an area of one
cm2 . Provided that a percentage of these fulfills the double resonance condition, Stokes
scattered light intensity will increase by orders of magnitude. Alternatively, Stokes emission
enhancement can also be accomplished through introducing emission inhibition outside of
the collection path [42, 99].
The Purcell effect as previously described for the PERS system was utilized as a tool
to deliberately enhance SRS intensity in a particular direction. Alternately, Fluorescence
experiments have found that as a consequence of inhibition into a defined solid angle, there
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Figure 26: Near-concentric multipass optical system with highly overlapped regions surrounded by concave mirrors for the purpose of inhibiting spontaneous emissions.
is increased spontaneous emissions in the remaining undisturbed region [41]. This effect is
of particular interest as the multipass optical cell in chapter 5 employs a collinear collection
path covering less than one percent of the emission region. Furthermore, it has been experimentally determined that 90% of the Raman scattered light originates from a 2 cm by
0.5 cm area centered over the two regions with highly overlapping pump light. Therefore,
introducing Purcell-inhibition in conjunction with a MOS has direct practical utility and the
scientific novelty of further characterizing the Purcell effect as it relates to SRS.
The proper implementation of a vertical cavity with a mirror separation of 200 µm, can
alter the probability of Raman scattering into 86% of the emission region (Fig. 26). It
is ideal to minimize cavity lenght as the increased FSR will limit the likelihood of Stokes
scattered light coupling to cavity modes. Preliminary attempts to introduce a surrounding
cavity demonstrates a limitation caused by the incident light’s beam size. The decreased
mirror separation can produce large backgrounds when mirror edges interact with the pump
light. It is therefore critical to minimize the beam waist throughout the overlapped regions
of the MOS.
As a parallel, when fluorescence was inhibited in ≈ .6% of the emission region, all other
directions experienced an enhancement of spontaneous emission intensity equal to .6% [41].
If similar proportions of additional spontaneous emissions are detected, it is plausible that
the resulting optical system could reach limits of detection in the parts per trillion. This
type of detection limit would far exceed any other similar optical gas detection systems and
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would compete with far more complex, expensive, and time exhaustive setups. Thus far
the experimental setup as described is relatively inexpensive other than the CCD. To forgo
this expense, a detection system based on a CMOS camera (effectively implemented in the
multipass optical system experiment) can be used to provide a low cost, highly effective,
real-time, simultaneous multiple gas analyzer [96].

52

Chapter 7

Concluding Remarks

Trace gas detection will endure as a necessary tool due to persistently expanding applications with an ever-changing variety of constraints, as such, there is an equally large number
of detection systems. This document has directly focused on optical detection systems; more
specifically, the enhancement of spontaneous Raman emission intensity through the use of
resonant and multipass cavities.
In the context of Raman emission enhancement, resonant cavities are uniquely miniaturizable. Utilization of advanced manufacturing techniques allowed the creation of high finesse
microcavities used in a compact design with additional attributes such as the Purcell effect,
pressurization, and the ability to forgo a spectrometer. Limits of detection for CO2 were
found in the single digit parts per million for samples pressurized to 14 bar with 3 second
exposures. Furthermore, characterization of this optical system experimentally showed that
pressure broadening was mitigated by working where cavity mode linewidths exceed Raman
emission linewidths, coinciding with an increased Purcell factor through the minimization of
cavity mode volume. Classification of similar optical systems defined periodic optical cavity
length changes were caused by photothermal refraction and expansion nonlinear dynamics.
The overall enhancement versus intrinsic constraints and limitations dictated changes in the
direction of research ultimately leading to a more robust, less stringent, more effective optical
system.
In contrast to the resonant microcavities studied, multipass cells inspired by absorption
type cells were implemented. Amplification of SRS intensity was accomplished through in53

creased power at overlapped focal regions and an improved alignment configuration collinearly
detecting scattered light and simultaneously providing feedback to reduce spectral bandwidth. This robust and cost effective technique in combination with pressurization delivered
2 orders of magnitude improvement in limits of detection over previous multipass systems.
Additionally, the multipas optical system produced comparable detection capabilities to hollow core fiber experiments and had a generally larger detection spectrum as it does not suffer
from large scattering backgrounds typically introduced by fiber cladding.
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